Basilar membrane ͑BM͒ responses to two types of broadband stimuli-clicks and Schroeder-phase complexes-were recorded at several sites at the base of the chinchilla cochlea. Recording sites ͑characteristic frequency, CF, in the range of 5.5-18 kHz͒ span the 1-4-mm basal region of the basilar membrane. BM responses to clicks consisted of undamped oscillations with instantaneous frequency that increased over time until it reached a value around CF. The time constant of this glide is CF dependent. Throughout the entire region under study, BM vibration exceeded umbo motion by up to 60 dB. Nonlinear properties of BM responses to clicks resemble those found in the more studied 8-10-kHz region. Amplitude spectra of Schroeder-phase complex stimuli, which consist of a series of sinusoidal components summed in negative ͑ϪSCHR͒ and positive Schroeder phase ͑ϩSCHR͒, are flat. The envelope of BM responses to ϩSCHR stimuli contains valleys, or dips, that are wider than those found in responses to the ϪSCHR stimuli. Hence, BM responses to the former stimuli are ''peakier'' than responses to the latter. Differences in response waveforms are less obvious in linear cochleae. Suppression of a near-CF tone by ϪSCHR stimuli was larger than that evoked by ϩSCHR stimuli.
I. INTRODUCTION
Although a great deal is known about basilar membrane ͑BM͒ responses to tones ͑e.g., Rhode, 1971; Ruggero et al., 1997; Nuttall and Dolan, 1996͒ , two-tone stimuli ͑e.g., Rhode and Cooper, 1993; Robles et al., 1997͒ , and to a lesser extent to clicks ͑Robles et al., 1976; Recio et al., 1998͒ and noise ͑de Boer and Nuttall, 1997; Recio et al., 1997͒, little is known about BM responses to other complex stimuli, such as those consisting of harmonic-related tones or frequency-modulated ͑FM͒ sinusoids. Because of the nonlinear nature of BM responses, level-dependent gain functions obtained from steady-state responses to tones cannot necessarily be used to predict responses to clicks or other complex stimuli. This paper examines BM responses to clicks at several locations along the basal end of the chinchilla cochlea as well as responses to Schroeder-phase complexes. It has been shown that BM responses to clicks and tones generally agree with each other ͑Robles et al., 1976; Recio et al., 1998͒ , as is always the case for linear systems. Robles et al. ͑1976͒ compared the response to clicks and tones in the time domain, i.e., by using the inverse Fourier transform of the steady-state velocity data ͑a temporal waveform͒. Their results show a good match between the ''synthetic'' impulse response and the experimentally obtained one. Recio et al. ͑1998͒ compared the two sets of responses in the frequency domain, i.e., by using the Fourier transform of the click responses. Again, their results show what was considered a good agreement between the two responses, in spite of the relatively coarse frequency sampling of the tone stimuli ͑1-kHz increments͒. Because of the large ringing of some click responses shown recently Ruggero et al., 1996; Recio et al., 1998͒ , it would be interesting to know if such ringing can be predicted from responses to tones. We therefore decided to compare the inverse transform of gain functions obtained at a frequency sampling of 100 or 250 Hz with responses to clicks. Clicks are also useful in obtaining cochlear delays, and for that purpose we measured click responses at several locations along the BM. Because the hook region in the chinchilla has been little investigated ͑Narayan and Ruggero, 2000; Rhode and Recio, 2000͒ , we also determined some of the properties of BM responses to clicks in that cochlear region. Click responses from a region more apical than the 8-10 kHz region studied by Ruggero and his colleagues ͑Robles et al., 1986; Ruggero et al., 1997; Recio et al., 1998͒ were measured as well.
In addition to BM click responses, we investigated the responses to a harmonic complex sound m(t), referred to in the literature as the Schroeder-phase complex ͑e.g., Smith et al., 1986; Kohlrausch and Sander, 1995; Carlyon and Datta, 1997; Summers and Leek, 1998͒ ,
The phase, n , is based on a formula proposed by Schroeder ͑1970͒, n ϭϮn͑nϪ1 ͒/N, where Nϭn2Ϫn1ϩ1. For a given fundamental frequency f 0 , m(t) can have two wave shapes depending on the sign of the phase n . Stimuli generated with a ''ϩ'' sign will be referred to as ϩSchroeder-phase complexes ͑ϩSCHR, Fig.  1 , bottom͒, whereas ϪSchroeder-phase complexes ͑ϪSCHR, Fig. 1 , top͒ will denote those generated with a ''Ϫ'' sign. When each harmonic is summed in phase, m(t) displays a highly peaked waveform. Adding the harmonics with Schroeder phase produces a waveform with a flat envelope. It has been pointed out ͑Schroeder, 1970͒ that the instantaa͒ Electronic mail: recio@physiology.wisc.edu neous frequency of the Schroeder-phase complex linearly increases ͑for ϪSCHR͒, or decreases ͑for ϩSCHR͒, within each period of f 0 . Hence, m(t) can be regarded as either a flat harmonic tone complex or as a series of upward ͑or downward͒ frequency sweeps ͑Smith et al., 1986͒. These stimuli have been used as maskers in psychoacoustical experiments in humans ͑e.g., Smith et al., 1986; Kohlrausch and Sander, 1995; Carlyon and Datta, 1997; Summers and Leek, 1998͒ and it was found in those studies that the masker with the ϪSchroeder-phase complex always yielded thresholds higher ͑i.e., greater masking͒ than those obtained using the ϩSchroeder-phase complex. Simulation studies ͑Smith et Kohlrausch and Sander, 1995͒ using linear transmission line models of BM motion ͑Strube, 1985͒ indicated that differences in masking thresholds could be attributed to BM properties. It is not clear, however, what the response of a nonlinear basilar membrane would be, particularly when both masker and signal stimuli are simultaneously presented. Instead of relying on a computer model, we recorded the responses of linear and nonlinear BMs to these stimuli.
II. METHODS

A. Surgical preparation
Twenty-two chinchillas ͑average weightϭ500 gm͒ were anesthetized using pentobarbital sodium ͑70 mg/Kg, i.p.͒. Supplementary smaller doses were given as needed to maintain a deeply areflexive state. Seventeen of those chinchillas were used in a recent study of BM responses to tones ͑Rhode and Recio, 2000͒. Tracheotomies were performed, but artificial ventilation was used only when necessary. Core body temperature, measured using a rectal probe, was maintained at 38°C using a thermostatically controlled heating pad. The left pinna was resected, the bulla was widely opened and the stapedius muscle was usually detached from its anchoring. A silver-wire electrode was placed on the round window to record compound action potentials ͑CAPs͒ evoked by tone bursts. Gold-coated polystyrene microspheres ͑25 m diameter͒ were introduced into the cochlea in the area called the hook region, after removing the round window membrane, or in a region approximately 2-3 mm away from the hook, after thinning the bone with a microchisel and then removing bone fragments with a metal pick. Except when noted, BM recordings were made after the hole was covered with a piece of coverslip glass. This eliminates most problems associated with movements of the perilymph meniscus ͑Cooper and Rhode, 1996͒. The middle-ear response was measured by exposing the umbo through an opening in the external ear canal directly over the tympanic membrane or from the stapes, near the incudostapedial joint. In some experiments, the approximate longitudinal and radial locations of the recording sites were measured in vivo with the help of a scale in the microscope's lens. In those measurements, the location of the most basal bead ͑Fig. 8͒ is expressed relative to an arbitrary reference.
This protocol was approved by the Animal Care and Use Committee of the University of Wisconsin-Madison.
B. Stimulus generation and control
Acoustic stimuli were generated using an IBM-type computer in conjunction with a Tucker-Davis Technologies system. The acoustic system was a reverse-driven condenser microphone cartridge ͑Bruel and Kjaer model 1434 with squared-root precompensation͒. Stimuli were delivered to the tympanic membrane through a closed-field sound system. Stimuli used in this project are single tones, condensation clicks ͑10-s duration͒ and Schroeder-phase complexes ͑20.48-ms duration͒. The fundamental frequency, f 0 , for the Schroeder-phase complexes was always 200 Hz. These stimuli contain all the harmonics between 1000 and 20 000 Hz. When a tone and the Schroeder-phase complex stimuli were played simultaneously, each was presented via a separate microphone. Neither clicks nor Schroeder-phase complexes were compensated by the acoustic calibration, as this was reasonably flat ͑within 10 dB͒ in the vicinity of CF. Click levels were expressed as peak pressure re 20 Pa, using the procedure described in Recio et al. ͑1998͒ . The level of the harmonic complex was obtained by estimating the ''effective SPL'' in decibels ͑Kochhar, 1992͒. Computation of the effective SPL consists of filtering the stimulus by the calibration and estimating the energy at the output of the filter. The sinusoidal stimuli ͑100-25 000 Hz͒ were calibrated using a probe tube microphone whose tip was near the tympanic membrane. For the purpose of comparing BM responses to tones and clicks, however, tones were presented at frequencies in the 100-25 000-Hz range with a fixed attenuation level. This was done to ensure that, at least for a linear system, both types of stimuli were equivalent. The number of stimulus presentations was varied ͑8-1000͒ in order to maximize the signal-to-noise ratio in the recordings. Stimuli were presented using one or two 16-bit D/As ͑TDT ® ͒ at a playback rate of 200 kHz. 
C. Measurement and analysis techniques
Motion in the BM and middle-ear ossicles was recorded using a displacement-sensitive heterodyne laser interferometer ͑Cooper and Rhode, 1992͒. The displacement sensitivity of the interferometer is a result of decoding the Doppler phase, as opposed to frequency shifts induced by movements of the reflective targets. An analog phasemeter was used in conjunction with the computer to perform phase unwrapping as necessary. The phasemeter outputs were sampled at a rate of 250 kHz, using a 16-bit A/D ͑Analogic FAST-16͒. The noise floor of the recording system was Ͻ5 pm/ͱHz.
Digitized response waveforms were analyzed using MATLAB ® for a sine fitting routine, Fourier analysis or analytic signal representation ͑Bennet, 1970͒. The analytic signal of a waveform is a complex quantity whose real part is the waveform itself and whose imaginary part is the Hilbert transform of the real part. The envelope of the waveform is the magnitude of the analytic signal and the instantaneous frequency corresponds to the derivative of the phase of the analytic signal. Figure 2 shows the BM and umbo responses to condensation clicks presented at several intensities. The BM data come from recordings at a site in the hook region ͑CFϭ14.5 kHz͒. BM responses to clicks reflect the characteristic bandpass tuning, while the umbo response ͑top trace͒ displays a short oscillation, which is characteristic of a broadly tuned system. Inward displacements of the umbo ͑i.e., displacements toward the cochlea͒ are plotted upwards. BM responses are plotted at scales that are 6 dB apart from each other. Positive BM responses indicate displacement toward scala vestibuli. Hence, the first oscillation, or peak, in BM responses to condensation clicks is in the direction of scala tympani. The wave shape of BM responses to clicks is level dependent, as the response peak shifts to earlier times as the level of stimulation increases. Compression in the responses is also evident, particularly at the lowest levels, since the growth in the responses (Ϸ6 dB͒ is less than the 10 dB difference in stimulus level. Onset delays were defined as the time at which the first peak reached 20% of its maximum absolute value and were estimated for both umbo ͑Fig. 2, dashed line͒ and BM motions. Onset delays contain propa-FIG. 2. Basilar membrane ͑animal CB21, CFϭ14.5 kHz͒ responses ͑lower panel͒ and umbo response ͑upper panel͒ to condensation clicks. Maximum peak intensity of the click stimulus is 114 dB SPL ͑top trace, lower panel͒; each of the lower traces displays the response to a click 10 dB less intense than the one above. Positive displacements indicate motion toward scala vestibuli ͑for BM responses͒ or toward cochlea ͑for umbo responses͒. Number of stimulus presentations is 250. Umbo response was measured in response to a 114-dB SPL click. Number of stimulus presentations is 1000. Dashed line represents umbo onset delay ͑ϭ192 s͒. Onset of BM motion ͑not shown͒ was estimated at 220 s. FIG. 3 . Basilar membrane ͑animal CB58, CFϭ5.5 kHz, lower panel͒ and umbo responses ͑upper panel͒ to condensation clicks. Maximum click intensity is 116 dB SPL ͑top trace, lower panel͒; lower traces display the response to a click 10 dB below the one above. Number of stimulus presentations is 5000. Umbo response was measured in response to a 116 dB-SPL click. Number of stimulus presentations is 500. Dashed line represents umbo onset at 204 s. Onset of BM motion was estimated at 252 s.
III. RESPONSES TO CLICKS
A. Responses to clicks
gation delays due to the acoustic system as well as traveling wave times. The cochlear delay ͑i.e., the difference between BM and umbo onsets͒ measured at this location was 28 s. Another characteristic of BM responses to clicks is that the time at which local peaks or zero-crossings occur changes very little, or not at all, with intensity. Dotted lines in Fig. 2 show the times of occurrence of P1 ͑the first positive peak͒ and P4 ͑the fourth positive peak͒, as measured from the response to the 114-dB click. Whereas the relative position of P1 does not change as a function of level, there are some small changes in the time of occurrence of P4, by as much as 16 s in waveforms shown in Fig. 2 , as it appears to occur at earlier times as the intensity of stimulation decreases. Figure 3 shows BM and umbo responses to condensation clicks in another preparation ͑CFϭ5.5 kHz͒. Although the difference in CFs is more than 1.5 octaves, responses to clicks in this more apical site display the same nonlinear characteristics described above for the hook region as well as for the 10-kHz region ͑Recio et al., 1998͒. The cochlear delay measured at this location was 48 s. A larger cochlear delay than the one measured in the hook region ͑Fig. 2͒ was expected since the recordings come from a more apical site.
B. Frequency modulation in BM responses to clicks
BM responses to clicks show a change in the instantaneous frequency or periodicity as a function of time ͑deBoer and Nuttal, 1997; Recio et al., 1998͒ . That is, the intervals between successive zero-cross points in the response waveforms are not constant but decrease over time until they reach a steady-state value. The instantaneous frequency of the responses was quantified by means of the analytic signal representation. Figure 4͑a͒ shows instantaneous frequency versus time curves for the data in Figs. 2 and 3 . The instantaneous frequency increases in a logarithmic fashion, as determined from analysis not shown, until it reaches a near-CF steady-state value ͑arrows in Fig. 4͒ . The time it takes to reach the steady state varies as a function of CF, being around 600 s for the CFϭ14.5 kHz and 1 ms for the lower-CF data. Although there are some changes in the in- stantaneous frequency as a function of level, the properties described above remain regardless of the level of stimulation as indicated by the different lines. Figure 4͑b͒ shows a collection of instantaneous frequency curves obtained from recordings at six sites in several cochleae (5.5 kHzрCFр14.5 kHz). All the curves reach steady-state values approximately equal to the CF of the recording site at a speed in proportion to their CF. Figure  4͑c͒ displays the same curves shown in the middle panel but after normalizing their value to CF. The time scale is also expressed in periods of the characteristic frequency. If the amount of frequency modulation in all the curves were the same, all the curves would overlap each other. The results show that curves originating from lower-CF sites ͑thinner curves͒ reach steady state earlier ͑relative to the number of periods͒ than those from the highest CFs ͑thicker curves͒. This indicates that the relative amount of frequency modulation in the cochlea decreases with increasing CF.
C. Fourier analysis of BM responses to clicks
Figures 5͑a͒ and ͑b͒ display Fourier transform amplitudes for the data shown in Figs. 2 and 3 normalized to umbo responses. As expected, BM gain functions around CF increase in value as the intensity of the stimulus decreases, in both hook and more apical regions. The frequency range of the nonlinearity appears to be larger for the preparation with CFϭ5.5 kHz ͓Fig. 5͑b͔͒ than that measured in the hook region ͓Fig. 5͑a͔͒. That is, for the 5.5-kHz region, the nonlinearity extends beyond the traditional 1 2 octave shift ͑to about 3.5 kHz͒, whereas in the hook region the frequencydependent nonlinearity does not extend beyond about 9 kHz ͑which is approximately 1 2 octave below CF͒. In both cases, gain functions show a notch at certain frequencies above CF. This behavior was also observed in previous BM responses to clicks ͑Recio et al., 1998͒ and was shown then to be a consequence of phase reversals in the click response. Shorttime Fourier analysis performed in Recio et al. ͑1998͒ showed that phase of a near-CF component during the first millisecond of the response changed by about 180°during later parts of the response.
The maximum gains relative to umbo motion were 59.5 and 53.7 dB at the sites with CF of 5.5 and 14.5 kHz, respectively. Throughout this work, those numbers will be considered as the maximum gain of the cochlea. At the location with CFϭ5.5 kHz, the maximum gain relative to stapes was 69.8 dB ͑no stapes recordings were performed in the other cochlea͒. The sharpness of the cochlear filter was measured using the Q 10 factor ͑tip frequency divided by its 10-dB bandwidth͒ and it was found to decrease as a function of click level. In the 14-kHz region, for example, Q 10 was 3.22 at 54 dB SPL and 1.43 for 114 dB SPL clicks. Similar values of Q 10 were estimated in the 5.5-kHz region ͑3.28 for 46-dB SPL clicks and 1.24 at 116-dB SPL͒.
The first column of Fig. 6 shows BM phases relative to umbo phases obtained from responses to click stimuli of various levels. Figure 6͑a͒ displays response phases for the recordings at CFϭ14.5 kHz, whereas Fig. 6͑b͒ shows results from the 5.5-kHz site. Square symbols mark the phase lag relative to umbo motion at CF. Note that in spite of the obvious changes as a function of level in gain function shown in Fig. 5 , intensity-dependent phase changes are relatively small ͑see below͒.
Another way of displaying phase data is by plotting the group delay as a function of frequency ͑Allen, 1983͒. For a FIG. 6 . Basilar membrane phase functions, estimated by Fourier transformation of click responses, at several levels as a function of frequency expressed relative to umbo phase for animal CB21 ͓panel ͑a͔͒ and CB58 ͓panel ͑b͔͒. Squares indicate phase at CF. Arrows indicate CF location. Panels ͑c͒ and ͑d͒ show group delay versus frequency curves at several levels ͑line thickness is in proportion to stimulus level͒. Phases in panels ͑a͒ and ͑b͒ represent phases of BM motion toward scala vestibuli relative to inward movement of umbo.
linear system with a frequency response expressed as H() ϭA()e j() , the group delay is defined as ͑Papoulis, 1977͒,
If the input envelope, f (t), to a system varies slowly, the group delay represents the envelope delay at the output of the filter ͓i.e., f (tϪt g )]. Group delays were estimated from phase versus frequency curves of responses to clicks, such as those shown in Figs. 6͑a͒ and ͑b͒. For frequencies around CF, group delays are dependent on the level of stimulation, as they generally decrease as a function of level. Note also that group delays versus frequency curves have maximum values at frequencies above CF. In the 14-kHz region ͓Fig. 6͑c͔͒, measured CF group delays were 0.361, 0.408, 0.3, 0.337, 0.383, 0.431 and 0.455 ms for levels 114, 104, 94, 84, 74, 64, 54 and 44 dB SPL, respectively. In the 5.5-kHz region ͓Fig. 6͑d͔͒, CF group delays were 0.963, 0.994, 0.955, 0.933, 0.953, 1.006 and 1.035 ms for levels 116, 106, 96, 86, 76, 66, 56 and 46 dB SPL, respectively. Group delays in the hook region tend to be smaller than those measured at the 5.5-kHz region by an average difference of 588 s. The difference in delays cannot be explained by the cochlear delay differences ͑20 s, Sec. III A͒ between the two sites or by their respective quality factors; such a difference probably reflects dispersion, or deviation from scaling, in the cochlea. At low enough frequencies (Ͻ 0.5 CF͒, group delays appear to be frequency-and level-independent. Figure 7͑a͒ shows BM responses to same-level clicks at seven locations in the same cochlea, with the bottom waveform displaying responses from the lowest CF ͑i.e., the most apical site͒. Onset delays measured from each response are 224, 224, 224, 228, 228, 232 and 232 s, at positions whose CFs are 13.7, 12.7, 11.7, 10.5, 9 .3, 7.1 and 6.5 kHz, respectively. The measured distance between the most basal and the most apical sites was 2.1 mm. Based on Greenwood's formula ͑Greenwood, 1990͒ for the chinchilla, the cochlear distance between the most basal ͑CFϭ13.7 kHz͒ and the most apical ͑6.1 kHz͒ sites is 2.79 mm. From the above measurement ͑ϭ2.1 mm͒, the speed of the traveling wave in the base of the cochlea was estimated at 262.5 m/s, which is much less than the speed of sound in water but close to the speed of sound in air. A second set of recordings in another cochlea is shown in Fig. 7͑b͒ . The five locations span 1.2 mm with a CF range between 10.5 and 15.4 kHz. Using Greenwood's map, the distance between the two extreme points was estimated at 1.44 mm. Starting at the most basal location, onset delays were 224, 228, 232, 232, 232 s. The speed of the traveling wave can be estimated at 150 m/s. The discrepancy between the two estimates of traveling wave velocity might originate from the time resolution of these recordings ͑4 s͒. Table I shows onset delays measured in the middle ear and two cochlear locations in eight ''healthy'' ͑i.e., nonlinear͒ preparations. Cochlear delays ͑measured with respect to the umbo͒ at the 9-kHz locations were 33.6 Ϯ6.7 s ͑mean Ϯ standard deviation͒. Shorter cochlear delays were found in the 11-14.5-kHz region ͑24Ϯ2.8 s͒.
D. Longitudinal spatial patterns
Amplitude and phase transfer functions for each of the recordings shown in Fig. 7 were also obtained. Figure 8͑a͒ shows the amplitude of the 10-kHz component for several stimulation levels at each of the locations of Fig. 7͑a͒ . The spatial distribution of the 10-kHz component shows a shift with level toward the 0.3-mm location ͑CFϭ12.7 kHz͒. The maximum vibration evoked by the click at the 10-kHz component did not occur at the place in the basilar membrane with CFϭ10 kHz ͑indicated by an arrow whose position was determined using Greenwood's map͒, but at a location about 1 mm basal to it. Similar results were obtained from the results of Fig. 7͑b͒ for a 12-kHz component. That is, the 12-kHz component reaches a maximum displacement during high-level stimulation at a location basal to the place of its CF. Figure 9͑a͒ shows the response phases relative to umbo motion, obtained from the data shown in Fig. 7͑a͒ . These relative BM phases show shallow segments at low frequencies, followed by steeper segments at frequencies around CF. Phase lags at CF ͑square symbols͒ appear to be independent of the CF of the recording site. From the phase functions shown in Fig. 9͑a͒ , we estimated group and phase delays. Group delays obtained from the results in Fig. 9͑a͒ show a maximum value at frequencies just above CF ͓Fig. 9͑b͔͒. As was the case for the results shown in Sec. III C, the differences between group delays measured in the hook and those measured in more apical regions cannot be accounted for by the difference in cochlear delays (р8 s, see above͒. For a linear system, such as the one described in Sec. III C, phase delay is defined as ͑Papoulis, 1977͒,
For a tone burst passing through a linear filter, the phase delay represents the delay of the carrier ͓i.e., cos(tϪt p ); Papoulis, 1977͔. Phase delays ͓Fig. 9͑c͔͒ were evaluated at seven frequencies for each of the phase curves shown in Fig.  9͑a͒ . These results show that at the BM locations where recordings were obtained, the phase delay of the carrier is proportional to its frequency. The velocity, v, of a given frequency component, , of the traveling wave at a given location can also be estimated from phase delays, by obtaining the ratio of the distance between two adjacent locations ͑1 and 2͒, ⌬s, and the phase delay difference between responses at the two sites, ⌬t p ,
Plots of velocity versus position along the BM for four frequencies are shown in Fig. 9͑d͒ . In general, the velocity of the wave decreases as it travels down the cochlea even before reaching its point of resonance.
E. Comparisons of BM responses to clicks and tones
BM responses to clicks and tones were compared in both the time and frequency domains. Comparison in the time domain involved the creation of a ''synthetic'' impulse response, obtained by taking the inverse Fourier transform of the steady-state tone response data. As mentioned in the methods section, tone and click stimuli were presented without being compensated by the acoustic calibration. Figures  10͑a͒ and ͑c͒ show measured click responses ͑continuous lines͒ and synthetic impulse responses ͑dashed lines͒ in two cochleae. All measured responses show the ''two-lobe'' wave shape, which is characteristic of many nonlinear cochleae. The ''second'' lobe, or ringing epoch, occurring after 1-1.5 ms, seen in the measured click responses ͑continuous lines͒, however, does not appear in the synthetic waveforms ͑dashed lines͒. Throughout the duration of the first lobe of oscillation ͑in results not shown͒, the instantaneous frequencies of click and synthetic impulse responses are very similar. Figure 10͑b͒ shows the Fourier transform amplitude ͑continuous line͒ of the click response shown in panel A and the tonal response spectra ͑dots͒. Figure 10͑d͒ shows similar results from another cochlea for clicks and tones at three stimulus levels ͑line thickness is in proportion to click level͒. At the lowest stimulus level ͓Fig. 10͑d͔͒, amplitude responses for both clicks and tones show maximum values at a frequency around 10 kHz. As the stimulus level increases, the position of the amplitude peak shifts to lower frequencies. Although there is an overall good match between click responses transforms and tonal response spectra, particularly at the highest level of stimulation ͑triangles in panel D͒, the responses differ in two aspects. Near-CF notches, which appear in click responses at around 9 kHz ͓Fig. 10͑b͒, arrow͔ or 11 kHz ͓Fig. 10͑d͒, arrow͔, are not shown in the responses to tones. High-CF notches, such as the one around 13 kHz in Fig. 10͑d͒ , appear in both tones and click responses. Also, the amplitudes of the click-response transforms in a frequency range above CF are generally smaller than those obtained in responses to tones. For the results in Fig. 10 , it is apparent that the match between the spectra of click-response transform and tonal responses is better for frequencies below the frequency corresponding to maximum displacement than for frequencies above this point.
IV. RESPONSES TO SCHROEDER-PHASE COMPLEX STIMULI
BM responses to another type of broadband stimuli, the Schroeder-phase complex, were also obtained. Using a linear BM model developed by Strube ͑1985͒, Smith et al. ͑1986͒ showed that depending on the starting phase of the complex, BM responses to the Schroeder-phase complex showed differences that could explain the results of their psychophysical experiments. As discussed in Sec. V, some BM properties that are easily visualized in responses to clicks, such as the ''glide'' in the response ͑Fig. 4͒ or the shape of the phase versus frequency response curve ͑Fig. 9͒, can probably explain the differences between BM responses to the ϩSCHR and ϪSCHR stimuli. Figure 11 shows BM responses to the ϩSCHR stimulus ͑panel A͒ and the ϪSCHR stimulus ͑panel B͒ at two levels in a preparation with CFϭ8 kHz. At both levels, responses to FIG. 10 . ͓͑a͒ Animal CT06͔ and ͓͑c͒ animal CB30͔ Basilar membrane responses to clicks ͑continuous lines͒ and ''synthetic'' impulse responses obtained from BM responses to tones ͑dashed lines͒ in two cochleae. Panels ͑b͒ and ͑d͒ display Fourier transform amplitudes ͑continuous lines͒ of the click responses shown in ͑a͒ and ͑c͒, respectively. Also plotted using symbols ͓dots in ͑b͒; dots, circles and squares in ͑d͔͒ are BM responses to tones.
A. Response waveforms and Fourier analysis
the ϩSCHR stimuli contain valleys, or dips, that are wider than responses to ϪSCHR stimuli. As a consequence of this, responses to ϩSCHR stimuli are ''peakier'' than those evoked by the ϪSCHR stimulus, i.e., responses to ϩSCHR stimuli are more compact than responses to ϪSCHR stimuli. Responses evoked by ϪSCHR stimuli contain larger amounts of spectral energy than those measured in responses to ϩSCHR sounds. For example, the rms ͑root mean squared͒ value of the responses to the 88-dB ϪSCHR stimulus is 34 nm, whereas responses to the ϩSCHR stimulus at the same level have an rmsϭ30 nm. Because of the cochlear nonlinearity and changes in the stimulus instantaneous frequency, the peak value in responses to ϪSCHR stimuli occurs at different times, depending on the level of stimulation. The lower the stimulus level, the later the peak value occurs, indicating a change with level in the frequency selectivity of the cochlea. For example, whereas responses to the 88-dB ϪSCHR stimuli reach their peak values when the instantaneous frequency of the response is about 5.05 kHz, responses to the 38-dB stimuli reach their peaks when their instantaneous frequency is around 8.6 kHz. On the other hand, in responses to the ϩSCHR stimulus, maximum values always occur at similar times, yet the instantaneous frequencies at the responses peaks are similar to those obtained in responses to ϪSCHR stimuli ͑5.1 kHz for the 38-dB stimuli and 8.08 kHz at 88 dB͒. It is also possible to see the effect of BM compression by comparing the growth in amplitude in the responses, roughly 40 dB, to the difference in stimulation level, 50 dB.
Figures 12͑a͒-͑d͒ show the responses to the same stimuli in two other cochleae. Each response waveform was normalized to its maximum value. The same characteristics found in the responses shown in Fig. 12 are present in the responses of these other cochleae.
Figures 13͑a͒-͑d͒ display the Fourier transform amplitude of BM responses to ϪSCHR ͑left columns͒ and ϩSCHR stimulus ͑right columns͒ at two intensity levels. BM responses are those shown in Fig. 11 . Superimposed on Figs. 13͑c͒ and ͑d͒ dashed lines, are the envelopes of the Fourier amplitudes from responses to ϪSCHR stimulus ͓Figs. 13͑a͒ and ͑b͔͒. Whereas time domain responses to ϩSCHR and ϪSCHR stimuli of the same intensity look very different ͑Figs. 11 and 12͒, in the frequency domain, the responses are relatively similar. For the 88-dB SPL stimulus, the response maximum occurred at approximately 5.5 kHz ͑regardless of the stimulus used, i.e., ϩSCHR or ϪSCHR͒, and shifted toward higher frequencies as the levels of stimulation decreased ͑around 8 kHz for the 38-dB SPL stimulus͒.
Figures 14͑a͒-͑d͒ show the responses to the Schroederphase complex stimuli in two damaged preparations. Data in the left column come from a linear site around the 8-10-kHz region. Because of the linear behavior, BM responses to different stimuli levels are scaled versions of each other. It is not clear whether responses to the ϩSCHR stimuli are ''peakier'' than those obtained in response to the ϪSCHR stimuli ͑as in the case of a nonlinear preparation͒. Data in the right column were recorded in the hook region and display some degree of nonlinearity, as evident from changes in wave shapes of responses as a function of level. Responses to ϩSCHR stimuli appear to last longer in linear and damaged preparations ͓Figs. 14͑a͒ and ͑c͔͒ than in the responses measured in healthier cochleae.
B. Analytic signal representation of responses to the Schroeder-phase complex
Because of the time-varying characteristics of BM responses to the Schroeder-phase complex, traditional Fourier analysis, such as the one done in Sec. IV A, does not reflect the dynamical aspect of such responses. We therefore computed both the envelope, to estimate the ''duration'' of the responses, and the instantaneous frequency of BM responses to such stimuli. Figures 15͑a͒ and ͑b͒ show the envelope of the responses to ϪSCHR ͑continuous lines͒ and ϩSCHR ͑dashed lines͒ at two levels ͓88 and 58 dB, in panels ͑a͒ and ͑b͒, respectively͔. Envelopes were truncated for values below 20% of their maximum, since the envelopes were too noisy in this range. Envelope duration was defined as the delay between the first time the envelope exceeded 20% of its maximum value and the last time this occurred, within one period of the stimulus waveform. This analysis reveals that the ''width,'' or duration, of the envelope is larger for responses to ϪSCHR than for responses to ϩSCHR stimuli. Figure 15͑c͒ shows envelope duration curves for responses to ϩSCHR stimuli ͑filled symbols͒ and ϪSCHR stimuli ͑open symbols͒ as a function of stimulus level obtained from FIG. 11 . BM responses to ϩSCHR ͑a͒ and ϪSCHR ͑b͒ stimuli at two levels. AnimalϭCT06, CFϭ8 kHz. Numbers along y-axes indicate displacement between adjacent tick marks. recordings in three cochleae. Consistent with the impressions obtained from the upper two panels, there is a significant difference in the duration of both sets of responses. Up to certain levels, these results also show slight increases in the envelope duration with increasing stimulus level.
Instantaneous frequencies were obtained from one period of the responses to ϩSCHR stimuli ͓Figs. 16͑a͒-͑c͒, thick dashed lines͔ and ϪSCHR stimuli ͓Figs. 16͑a͒-͑c͒, thick continuous lines͔. Glitches in the instantaneous frequency curves of the responses to the ϩSCHR stimulus ͑at around 4 ms͒ are a consequence of small values, or dips, in the response waveform. Stimulus level was 88, 73 and 58 dB SPL for the results in Figs. 16͑a͒ , ͑b͒, and ͑c͒, respectively. The instantaneous frequencies of these two stimuli are also shown in the same figure ͑thin lines͒. Note that the speed of the stimulus sweep is rather high, 3.845 MHz/s. The slope, or speed, of the instantaneous frequency versus time curves obtained from responses to the ϪSCHR stimulus appears lower than those of the stimuli. This difference indicates that the BM can follow the instantaneous frequency of the stimulus when the frequency decreases ͑ϩSCHR͒ better than when the instantaneous frequency increases ͑ϪSCHR͒. In other words, it takes more time for the BM to follow the instantaneous frequency from 5 kHz to a value equal to CF ͑ϭ8 kHz͒, than when the instantaneous frequency of the stimulus goes from CF to 5 kHz.
Figures 17͑a͒-͑c͒ display the envelopes, instantaneous frequencies ͑plotted as a function of time͒ and envelope duration ͑as a function of level͒ for the data from the damaged cochlea in Figs. 14͑a͒ and ͑b͒. Envelope durations for responses to ϩSCHR ͑dashed lines͒ and ϪSCHR stimuli ͑con-tinuous lines͒ are longer than those measured in nonlinear preparations ͓Fig. 15͑c͔͒ and remain constant with changes in the stimulus level ͓Fig. 17͑c͔͒. Results from a slightly nonlinear preparation ͓Figs. 17͑d͒-͑f͔͒ show envelope durations that are longer than those measured in the more nonlinear preparations but do not remain constant as a function of level. Visual examination of instantaneous frequency versus time curves obtained in damaged preparations ͓Figs. 17͑b͒ and ͑e͔͒ reveals that the absolute values of the slopes of those curves ͑obtained in responses to ϪSCHR and ϩSCHR stimuli͒ are similar, more so than in the case of nonlinear preparations ͑Fig. 16͒. In other words, instantaneous frequency curves of responses to ϪSCHR and ϩSCHR stimuli in linear preparations ͓Figs. 17͑b͒ and ͑e͔͒ appear to follow the instantaneous frequency of the stimulus at similar speeds.
Instantaneous frequency of BM responses to ϩSCHR and ϪSCHR stimuli were further analyzed by estimating the amount of time it takes them to go between 5 and 10 kHz in four preparations ͑Fig. 18͒. The delay between the time the response first reaches 5 kHz and the time to reach 10 kHz in response to ϪSCHR stimuli ͓open symbols, Fig. 18͑a͔͒ is usually larger than the delay measured in responses to ϩSCHR stimuli ͓filled symbols, Fig. 18͑a͔͒. Figure 18͑b͒ FIG. 12. BM responses to ϩSCHR ͑a͒ and ͑c͒ and ϪSCHR ͑b͒ and ͑d͒ stimuli at several levels in two cochleae. Animals CT17 ͓͑a͒ and ͑c͒, CFϭ8 kHz͔ and CB61 ͓͑b͒ and ͑d͒, CFϭ7.5 kHz͔. Amplitudes were normalized to the response's peak.
shows the difference between the times indicated by open and filled circles. For healthier preparations ͓triangles, squares and circles in Fig. 18͑b͔͒ , the difference between those delays decreases as a function of level. That is, the nonlinear processing in the basilar membrane makes responses to ϩSCHR and ϪSCHR stimuli differ more at lower levels, when gain of the cochlear amplifier is the greatest.
C. Suppression of CF tones by Schroeder-phase complex stimuli
Suppression effects of Schroeder-phase complexes were studied by simultaneously playing a tone and a ϩSCHR or a ϪSCHR stimulus. The amount of suppression was defined as the reduction in the amplitude of the tone in the presence of the Schroeder-phase complex throughout the entire response duration. Figure 19͑a͒ shows one cycle ͑5 ms͒ of the BM responses to a ϩSCHR stimulus ͑92-dB SPL͒ and a near-CF tone ͑8.1 kHz͒ at two levels ͑76-dB, continuous lines, and 6-dB SPL, dashed lines͒. The frequency of the tone ͑8.1 kHz͒ is not present in the harmonic complex. The two responses are virtually identical in the later part of the responses ͑between 8.5 and 10 ms͒, i.e., where the response to the ϩSCHR alone reaches its peak value. The response to the 76-dB tone is only obvious during the response ''valley.'' The same can be said about the responses to ϪSCHR stimuli and a tone ͓Fig. 19͑b͔͒. We also subtracted the response to suppressor ϩ tone ͑6 dB͒ from the responses to suppressor ϩ tone ͑76 dB͒ and the results are shown in Fig.  19͑c͒ . Because responses to the 6-dB tone are very small, waveforms in Fig. 19͑c͒ represent an approximation to the BM response to the 76-dB tone ͑in the presence of a suppressor͒. ͓This was done because we did not measure responses to the SCHR alone when two microphones were used.͔ Suppression in the response is more prominent during response peaks, when the basilar membrane is responding mostly to the suppressor, i.e., Schroeder-phase complexes evoked a temporal, or phasic, suppression. Figure 19͑c͒ also shows that the amount of suppression by the ϪSCHR stimulus is larger than the one obtained using the ϩSCHR stimulus, as determined by the width of the ''gaps'' in the responses and the rms values of the waveforms ͑9.11 and 6.82 nm for responses suppressed by ϩSCHR and ϪSCHR stimuli, respectively͒.
The response of the basilar membrane to an 8.1-kHz tone was measured alone ͑Fig. 20, thin solid lines with filled symbols͒ and in the presence of ϪSCHR stimuli ͓Fig. 20͑a͔͒ and ϩSCHR stimuli ͓Fig. 20͑b͔͒ at several levels. The thickness of the lines is proportional to the level of the suppressor. The amount of suppression increased as a function of the suppressor level, with the highest effects occurring at the lowest levels of the probe signal. It can also be concluded that the ϪSCHR stimulus is more effective as a suppressor than the ϩSCHR stimulus. Figure 20͑c͒ shows the response of the BM to a 36-dB SPL 8.1-kHz tone presented simultaneously with a Schroeder complex relative to the BM response to the tone alone. When the ϪSCHR stimulus was also present, the response to the 8.1-kHz tone decreased by as much as 23 dB, which is approximately 10 dB more than FIG. 13 . Fourier transform amplitudes of responses to ϩSCHR ͑c͒ and ͑d͒ and ϪSCHR stimuli ͑a͒ and ͑b͒ at two levels. Fourier analysis was performed using DFTs ͑discrete Fourier transforms͒ at multiples of 50 Hz. Dashed lines in panels ͑c͒ and ͑d͒ represent Fourier amplitudes from panels ͑a͒ and ͑b͒ ͑at multiples of 200 Hz͒. AnimalϭCT06.
in the presence of the ϩSCHR stimulus. Similar results were obtained in another cochlea. In summary, the ϪSCHR stimuli produced larger amounts of suppression than did the ϩSCHR stimuli.
V. DISCUSSION
A. Responses to clicks
The data reported in this paper indicate that BM click responses in the hook region behave similarly to responses in a more apical region ͑5-9 kHz͒. In our best preparations, the maximum BM gain relative umbo motion was 55-60 dB at the sites corresponding to CFϭ5.5 and 14 kHz. Relative to stapes, this gain increases by about 10 dB. Sharpness of the cochlear filter, measured using the quality factor, Q 10 , also is quite similar, in our best preparations, in both hook and 5-9-kHz regions. All the click responses in the basal region under study show frequency modulation, easily observed in instantaneous frequency versus time curves. The amount of frequency modulation ͑as determined by the time constant of instantaneous frequency versus time curves͒ is not constant along the base of the cochlea. It was found that the higher the CF, the greater was the amount of modulation ͑slower time constants͒.
BM responses to clicks show an asymmetry in the frequency domain in both amplitudes and phase components. Asymmetry around the peak of the magnitude response can be seen in Fig. 5 . Group delays shown in Figs. 6 and 9 display a maximum value at a frequency that does not correspond to the frequency of the largest peak of the amplitude response, a consequence of phase asymmetry. When the peak of the group delay occurs at the same frequency as the maximum amplitude response, such as in the case of gammatone filters, frequencies below and above CF arrive together and average out ͑Lyons, 1997͒, with only the period corresponding to CF being present in the click response. In general, the impulse response of an asymmetrical filter is an amplitudeand phase-modulated signal ͑Papoulis, 1977͒. In the case of the cochlea, it is thought ͑Lyons, 1997͒ that the asymmetry in phase delay versus frequency curves translates in the time domain as a ''glide,'' i.e., an impulse response with an instantaneous frequency varying from below CF to approximately CF.
B. Cochlear delays
Three types of delays were estimated from BM responses to clicks: cochlear, group, and phase delays. The mathematical definition of each of these delays comes from linear system theory, for which responses to clicks and tones are related to each other via Fourier analysis. For nonlinear systems like the cochlea, delays obtained using clicks' responses are not necessarily identical to those obtained using tones. Results from Figs. 6 and 10, however, indicate that responses to tones and clicks are relatively close to each other. Delay estimates obtained using clicks, therefore, should be similar to those found using tones.
FIG. 14. BM responses to Schroeder-phase stimuli in a linear ͑a͒ and ͑b͒ and a slightly nonlinear preparation ͑c͒ and ͑d͒. Panels ͑c͒ and ͑d͒ come from responses recorded from a site in the hook region. Animals CB64 ͑a͒ and ͑b͒ and CB63 ͑c͒ and ͑d͒. Recordings were performed without a coverslip.
The definition of cochlear delay used in this work is equivalent to the one Békésy proposed for travel time ͑Békésy, 1949͒ and represents a pure ͑i.e., frequency independent͒ cochlear delay. The travel time can be obtained from the high-frequency slope of the phase versus frequency curve computed from BM click responses ͑Ruggero, 1980͒. We did not obtain travel times, or cochlear delays, from the phase versus frequency curves because of the lack of reliable phase information at high frequencies, hence we estimated them directly from the response waveforms. From travel time estimates the speed of the traveling wave was calculated. The two estimates ͑262.5 and 150 m/s͒ for the traveling wave velocity in the base of the cochlea are below the maximum speed limits predicted by Békésy's theory but higher than those expected from other theories, such as Zwislocki's ͑Wever and Lawrence, 1971͒. Velocities shown in Fig. 9͑d͒ were obtained from phase delay estimates at a given frequency, 0 , and represent the velocity of a frequency component of the click response along the cochlea. Hence, velocity estimates in Fig. 9͑d͒ are frequencydependent and are slower than the frequency-independent traveling wave velocity ͑i.e., the velocity estimates obtained from click onsets at two positions along the cochlea͒. In theory, the results in Fig. 9͑d͒ and traveling wave velocities can all be generated from phase versus frequency curves of BM responses to clicks, the former by finding phase delays, Ϫ( 0 )/ 0 , at several locations, the latter by computing Ϫlim →ϱ ()/, the travel time ͑Ruggero, 1980͒.
C. Spatial vibration patterns
Responses to clicks were measured at several locations along the basal region of the basilar membrane. Up to eight measurements with a CF range of more than one octave were obtained in a single cochlea. Plots of the spatial vibration pattern of a 10-or 12-kHz component show a shift with level toward a cochlear location basal to the CF site. This result agrees with amplitude versus frequency plots measured at a single point, which show a shift toward lower frequencies with stimulus level in the location at which the largest response occurs. It also agrees with a similar analysis performed using tones ͑Rhode and Recio, 2000͒. Our results, however, disagree with those obtained by Russell and Nilsen ͑1997͒, in which it was concluded that the location of maximum displacement for a given frequency does not change with level. The disagreement between the two studies is difficult to explain, but we certainly do not believe that species differences ͑guinea pig versus chinchilla͒ play an important role. A possible explanation comes from the fact that the results of Russell and Nilsen ͓1997, Fig. 1͑d͔͒ originate not from one single cochlea but from many. Although Russell and Nilsen's recordings from around the CF region ͑ϭ15 kHz͒ were derived from one cochlea, recordings from the most basal region ͑17-27 kHz͒ were obtained in separate preparations. The inclusion of those extra points is, in our view, the main source of the discrepancy. For example, at the 22-kHz site, in which displacements evoked by a 15-kHz tone are in the tail of the tuning curve, BM motion grows nonlinearly as a function of stimulus level. In fact, the overall compression ͑slope͒ of the displacement versus level curve at 22 kHz is Ϸ0.57 ͓Fig. 1͑d͒, Russell and Nilsen͔. Displacements in the tail region of BM tuning curves should grow linearly. FIG. 17 . Response envelope ͑a͒ and ͑d͒, instantaneous frequency versus time curves ͑b͒ and ͑e͒ and envelope duration versus level curves ͑c͒ and ͑d͒ obtained from BM responses to ϩSCHR ͑dashed lines͒ and ϪSCHR ͑continuous lines͒ stimuli. Data in the left column ͓panels ͑a͒-͑c͔͒ come from CB64 and those in the right column ͑d͒-͑f͒ from animal CB63.
D. Comparison of BM responses to clicks and tones
Previous comparisons of BM responses to clicks and tones ͑Robles et al., 1976; Recio et al., 1998͒ concluded In that work, however, responses to tones were evaluated with 1000-Hz resolution, hence responses in the region just above CF, in which a notch is usually observed in responses to clicks ͑Recio et al., 1998͒, were not obtained.
In the present study, we compared both responses in the time and frequency domain. In the time domain, synthetic click responses did not show the ''two-lobe'' waveform that usually can be observed, at certain levels, in BM responses to clicks ͑e.g., Fig. 10͒ . Spectral notches observed just above CF ͑Recio et al., 1998͒ were shown to be a consequence of a phase reversal between early and late frequency components associated with the second time domain lobe. In the frequency domain comparison, BM click responses showed a spectral notch in a region near CF, whereas BM tone responses did not.
Given the nonlinearity of BM motion, the existence of some differences between responses to tones and clicks was not unexpected. The fact that the ''two-lobe'' wave shape cannot be obtained from steady-state sinusoidal stimulation might be a consequence of the cochlear nonlinearity or perhaps of time-varying properties in BM motion. 19 . ͑a͒ BM responses to the ϩSCHR and an 8.1-kHz tone at 72 dB SPL ͑continuous lines͒ and at 6 dB SPL ͑dashed lines͒. ͑b͒ Same as panel ͑a͒ but using the ϪSCHR stimulus as masker. ͑c͒ Responses to tone ͑at 6 dB SPL͒ ϩmasker were subtracted from the responses to tone ͑72 dB͒ ϩmasker. The masker type is indicated next to each trace. Animal CT17, CFϭ8 kHz.
E. Responses to Schroeder-phase complex stimuli
BM responses to Schroeder-phase complexes were analyzed using the analytic signal representation, which allowed the estimation of the envelope and the instantaneous frequency of the responses. BM responses to ϩSCHR complexes are ''peakier'' than the waveforms obtained in responses to ϪSCHR stimuli. To a first approximation, responses to ϩSCHR appear to last less, for each of the stimulus periods, than responses to ϪSCHR stimuli. The envelope duration, which was used to quantify the duration of the response, confirms the previous assertion. This verifies simulations analysis done by several groups ͑e.g., Smith et al., 1986͒ , in which the stimuli were passed through a linear model of the basilar membrane. Envelope duration, however, does not remain constant across stimulus levels and appears to increase with level, reaching its highest values in linear preparations.
The behavior of BM responses to ͑ϩ/Ϫ͒ Schroeder complexes is consistent with the theoretical analysis performed by Kohlrausch and Sander ͑1995͒, in which the curvature ͑i.e., the second derivative͒ of the phase versus frequency curve of the BM was used to account for the differences in the response to each of the two Schroeder phases. Curvatures of the phase versus frequency curves obtained from BM responses to clicks, such as those shown in Fig. 9͑a͒ , have a constant negative sign around most of the frequency response. The absolute value of the curvature is inversely related to CF. Whereas curvatures of ϪSCHR stimuli are of similar value and sign as those measured in BM responses to clicks, curvatures of ϩSCHR stimuli are of the opposite sign ͑but similar absolute value͒ to those measured in ϪSCHR stimuli. Hence, phase characteristics of BM responses to ϩSCHR stimuli show reduced curvatures ͑relative to the stimulus͒, and, as a result, peaked waveforms ͑Kohlrausch and Sanders, 1995͒.
The instantaneous frequency measured in responses to ϩSCHR stimuli differs from that obtained in responses to ϪSCHR stimuli, even in linear preparations. Measures of the instantaneous frequency in responses to the ϩSCHR stimulus reveal that those responses represent more accurately the rate of the instantaneous frequency of the stimulus. Responses to ϪSCHR stimuli have rates that are lower than those measured in the stimulus. Differences in instantaneous frequency slope in the responses also decrease with level.
When the Schroeder-phase stimulus was used as a suppressor, or masker, of a near-CF tone, the ϪSCHR stimulus produced greater suppression than did the ϩSCHR stimulus. It was shown ͑Fig. 19͒ that the largest amount of suppression occurs during the time in which the basilar membrane is responding to near-CF masker components. This and the fact that responses to ϪSCHR stimuli appear to last longer than those to ϩSCHR stimuli are a possible explanation of the better role of ϪSCHR stimuli as a suppressor. The amount of suppression increased with the level of the harmonic complex ͓Fig. 20͑c͔͒, and, for a fixed level of the harmonic complex, increased in inverse proportion to the level of the near-CF tone. Psychoacoustical experiments in humans, involving the detection of a tone in the presence of a ͑ϩ/Ϫ͒ Schroeder-phase complex, reveal that Schroeder-phase complexes with increasing instantaneous frequency ͑ϪSCHR͒ provide more masking than ϩSCHR stimuli ͑Smith et Kohlrausch and Sander, 1995; Carlyon and Datta, 1997; Summers and Leek, 1998͒. Earlier studies ͑Smith et al., 1986; Kohlrausch and Sander 1995͒ concluded that this phenomenon resulted from phase characteristics of basilar membrane motion. Using a linear model of BM motion those authors noticed that the ''gaps,'' or valleys, in BM FIG. 20 . Displacement amplitudes of BM responses to a near-CF tone ͓con-tinuous lines with symbols, panels ͑a͒, ͑b͒ and ͑c͔͒. Dashed and continuous lines ͑without symbols͒ indicate displacement at the frequency of the near-CF tone in the presence of a ϪSCHR masker ͓panel ͑a͔͒ and a ϩSCHR masker ͓panel ͑b͔͒ of different levels ͑thickness of lines in proportion to intensity͒. Panel ͑c͒ shows a curve representing changes in the response to an 8.1-kHz tone when the harmonic complex is also present. Response amplitudes were obtained from the DFTs of the overall response. The level of the complex was varied between 47 and 92 dB SPL in steps of 10 dB ͑except between 87 and 92 dB͒. Square symbols indicate results using the ϪSCHR stimulus; circles show those obtained using the ϩSCHR stimulus. Animal CT17, CFϭ 8 kHz.
responses to ϩSCHR stimuli were wider than those seen in responses to ϪSCHR stimuli, thus allowing the detection of the probe signal at lower thresholds. Our results certainly are consistent with those obtained in psychophysical experiments, although the phenomenon of masking probably represents the occurrence of other processes at higher levels in the auditory system. Also, our analysis ͑e.g., Fig. 20͒ only looks at one frequency component of the response, the response to the tone, not at the overall BM waveform. Interestingly, behavioral experiments performed in birds ͑Leek et al., 2000͒, akin to those in humans, have shown that ϩSCHR stimuli provide an amount of masking similar to, and in some cases better than, that given by ϪSCHR stimuli, a consequence of differences in the processing of sounds in the mammalian and avian auditory system.
The results of our experiments generally agree with the notion that a swept stimulus with rising frequency is transmitted more ''efficiently'' through the cochlea than a stimulus with falling frequency ͑Shore and Nuttall, 1985; Dau et al., 2000͒. In the context of this work, efficiency can be measured by estimating the amount of energy ͑or rms value͒ in BM responses. Waveforms of responses to ϪSCHR contain larger rms values than those obtained in responses to ϩSCHR stimuli ͑Sec. IV A͒. This conclusion appears, however, contradictory with the observation that the BM represents the instantaneous frequency of the ϩSCHR better ͑i.e., with a similar slope͒ than that of the ϪSCHR ͑Fig. 16͒.
Simulation results using gamma-tone filters, which do not show any difference in ''peakiness'' in the responses to both types of stimuli used here, might provide a clue to understanding BM responses to these stimuli. The impulse response of the gamma-tone filter does not show any type of frequency modulation, which is a property of BM click responses. Group delay versus frequency curves of gammatone impulse responses shows a maximum at the frequency of their response peak, whereas for BM click responses the peak in group delay curves always occurs above CF. Those two properties of BM click responses are probably responsible for most of the differences between the responses to the two suppressors ͑ϪSCHR and ϩSCHR͒ observed in our experimental results. There are also differences with stimulus level, which are obviously due to the BM nonlinearity. In fact, all the differences in the responses increase with a decrease in stimulus level, showing a correlation with the gain of the cochlear amplifier.
